Porcine reproductive and respiratory syndrome is an infectious disease that causes serious economic losses to the swine industry worldwide. To better understand the pathogenesis of the porcine reproductive and respiratory syndrome virus (PRRSV), three PRRSV strains with different molecular markers and virulence were used to infect MARC-145 cells. A total of 1804 proteins were identified, and 233 altered proteins and 72 signaling pathways involved in the proteomic profiling of virus-infected MARC-145 cells increased with the virulence of the PRRSV strain. The three types of viral strains shared a common pathway-the electron transport reaction in mitochondria-in the infected-MARC-145 cells. Moreover, the antisense pathway was the most variable of all significant signaling pathways for the highly virulent SX-1 strain, indicating that this unique pathway may be connected to the high virulence of the SX-1 strain. Our study is the first attempt to provide a proteome profile of MARC-145 cells infected with PRRSV strains with different virulence, and these findings will facilitate a deep understanding of the interactions between this virus and its host.
real-time polymerase chain reaction (PCR) were simultaneously performed in MARC-145 cells and PAMs to confirm proteomic data. An equivalent amount of protein was separated using 12% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The fractionated proteins were then transferred electrophoretically to a PVDF membrane (Millipore, Bedford, MA) and blocked with TBS-T containing 5% bovine serum albumin at 4 °C overnight. The membranes were stained with goat anti-PSF polyclonal antibody (Santa Cruz, CA) at 1:200 dilutions, goat anti-annexin A2 (ANXA2) polyclonal antibody (Santa Cruz, CA) at 1:200 dilutions, and mouse anti-β-actin monoclonal antibody (Santa Cruz, CA) at 1:200 dilutions. After incubation at 37 °C for 1 h, immunoreactive protein bands were visualized with a chemiluminescence subtract using the ECL plus Western blot detection system (Kodak, NY). The quantification of protein blots was performed using Photoshop CS5 (Adobe, San Jose).
Total cellular RNA was extracted from MARC-145 cells or PAMs using Trizol reagent (Invitrogen, Canada) according to the manufacturer's protocol. The quantification of RNA was performed with a Nanodrop 2000 (Thermo Scientific, Wilmington, DE USA), and 1 μg of total RNA was reverse-transcribed using the PrimeScript RT reagent kit (TaKaRa, China). cDNA was amplified using the SYBR Premix EX Taq II (TaKaRa, China). The primers used for the amplification of different target cDNAs are listed in Table 1 . Quantification of the differences between the groups was performed using the 2 −ΔΔCt method. β-actin was used as the normalizing gene to compensate for potential differences in cDNA amounts.
Gene Silencing with siRNA. MARC-145 cells grown to 60-70% confluence in 6-well cell culture plates were transfected with PSF siRNA, using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA). Briefly, 60 pmol of siRNA was diluted in 250 μL of serum-free OptiMEM medium (Invitrogen, Carlsbad, CA), and 5 μL of Lipofectamine RNAiMAX was diluted in 250 μL of OptiMEM. After incubation for 5 min at room temperature, the diluted RNA and Lipofectamine RNAiMAX were combined and incubated again for 20 min at room temperature. Then, 500 μL of the mixture was added dropwise to each well. The plates were incubated at 37 °C in a CO 2 incubator for 8 h, and the mixtures were replaced with fresh complete medium and incubated for an additional 40 h before the silencing efficiency was measured using immunoblotting analysis. Scrambled siRNA was used as a negative control.
Results

PRRSV-Infected MARC-145 Cells and iTRAQ Analysis.
After inoculation with PRRSV SX-1, ZCYZ, or SD1 strains of MOI = 0.1, the MARC-145 cells were collected at 48 hpi and used for the iTRAQ experiment. Uninfected MARC-145 cells served as a mock control. After digestion, quantification and labeling were performed according to the iTRAQ protocol (Applied Biosystems) 33 , and the 4-plex iTRAQ experiments were conducted. Gene Ontology and Pathway and Protein Signal Network Analyses. Functional annotation of the 1804 identified proteins was initially performed using the Protein Center software. A P-value of <0.05 and an FDR of <0.05 in a two-sided Fisher's exact test were selected as significant criteria. Three main types of annotations were obtained from the gene ontology consortium website: cellular components, molecular function, and biological distribution ( Fig. 1) . A number of the identified proteins were involved in cellular and metabolic processes and biological regulation. Moreover, the molecular function of the identified proteins was associated Continued with binding and catalytic activity. A total of 233 differentially expressed proteins were discovered in this study. Furthermore, 105 proteins were identified as differentially expressed in Group I (SX-1 vs. MARC-145), including 46 upregulated proteins and 59 downregulated proteins ( Table 2) ; 84 proteins were identified as differentially expressed in Group II (ZCYZ vs. MARC-145), including 59 upregulated proteins and 25 downregulated proteins (Table 3) ; and 44 proteins were identified as differentially expressed in Group III (SD1 vs. MARC-145), including 25 upregulated proteins and 19 downregulated proteins (Table 4 ). In the three groups, the upregulated and downregulated differential proteins involved in significant pathways were sorted through the enrichment of signaling pathway categories ( Fig. 1 ). In Group I (SX-1 vs. MARC-145), the significant signaling pathways of upregulated proteins included the antisense pathway, caspase cascade in apoptosis, TNFR1 signaling pathway, FAS signaling pathway (CD95), integrin signaling pathway, HIV-1 Nef: negative effector of Fas and TNF, etc. ( Fig. 2A) . By contrast, the significant pathways of the downregulated proteins included the mTOR signaling pathway, mechanism of gene regulation by peroxisome proliferators via PPARa (alpha), Ahr signal transduction pathway, oxidative reactions of the pentose phosphate pathway, malate-aspartate shuttle, etc. (Fig. 2B ). In Group II (ZCYZ vs. MARC-145), the significant pathways corresponding to the upregulated proteins included the proteasome complex, citric acid cycle, regulation and function of ChREBP in the liver, opposing roles of AIF in apoptosis and cell survival, shuttle for transfer of acetyl groups from mitochondria to the cytosol, etc. (Fig. 2C ). The significant pathways of the downregulated proteins were the regulation of spermatogenesis by CREM, Sonic Hedgehog (SHH) Receptor Ptc1 regulates cell cycle, CBL-mediated ligand-induced downregulation of EGF receptors, role of the PI3K subunit p85 in the regulation of actin organization and cell migration, Rac 1 cell motility signaling pathway, etc. (Fig. 2D ). In Group III (SD1 vs. MARC-145), the significant pathways corresponding to upregulated proteins included the caspase cascade in apoptosis, TNFR1 signaling pathway, FAS signaling pathway (CD95), HIV-I Nef: negative effector of Fas and TNF, SARS-coronavirus life cycle, and glycolysis pathway ( Fig. 2E ). The significant pathways of the downregulated proteins included CARM1 and regulation of the estrogen receptor, Pelp1 modulation of estrogen receptor activity, electron transport reaction in mitochondria, and downregulation of MTA-3 in ER-negative breast tumors (Fig. 2F) .
A signaling network was used to establish possible interactions among the differentially expressed proteins. In MARC-145 cells infected with SX-1, the most central proteins are NCL, RPLPO, HSPD1, RPS3, HSPA8, P54, HNRNPM, TCP1, VIM, HSP90AA1, MATR3, SYNCRIP, YMHAE, EEF1G, FLNA, HNRNPA2B1, PTBP1, ATP5A1, CCT3, RBMX, CCT8, ANXA2, CLTC, HNRNPU, LMNA, AHNAK, and FLNB (Fig. 3A) . In MARC-145 cells infected with ZCYZ, the most central proteins included HSPA8, DDX3X, ATP5A1, YWHAE, EEF2, YWHAZ, GAPDH, HNRNPA2B1, SYNCRIP, ANXA2, HNRNPM, RPL18A, FLNB, and PHB ( Fig. 3B ). In MARC-145 cells infected with SD1, NCL, DDX3X, FASN, FLNA, HSPA8, PGK1, ANXA2, RBMX, ATP5A1, HNRNPAB, and LMNA exhibited as the most central proteins (Fig. 3C ). These proteins tended to be more essential than noncentral proteins in the modular organization of the protein-protein interaction network.
Confirmation of Proteomic Data. To validate the findings of differentially expressed proteins identified by the iTRAQ labeled LC-MS/MS system, PSF and ANXA2 were analyzed using Western blotting (Fig. 4A) , and β-actin was used as an internal control. The results revealed that PSF was upregulated in both MARC-145 cells and PAMs infected with SX-1 at 48 hpi, whereas Annexin A2 was downregulated in both MARC-145 cells and PAMs infected with SX-1 at 48 hpi. Further quantitative analyses demonstrated that PSF and ANXA2 expression significantly differed between the PRRSV-infected and control groups (Fig. 4B) . Similar results were obtained 
Knockdown of Endogenous PSF Genes Decreases Replication of the PRRSV SX-1 Strain. The
PSF protein is associated with various functions, including RNA splicing, viral replication, genetic recombination, and cancer suppression [34] [35] [36] . After SX-1 infection, PSF protein expression levels were increased. To clarify the function of PSF in the viral replication cycle, the effect of decreasing the amount of intracellular PSF on the replication of PRRSV was further examined using target-specific RNA interference. Therefore, MARC-145 cells were transfected with PSF siRNA duplexes designed to specifically silence the expression of the PSF gene. As shown in Fig. 5A , MARC-145 cells transfected with PSF siRNA exhibited an approximately 82% decreased level of endogenous PSF protein compared with the cells transfected with scrambled, noneffective siRNAs (Fig. 5B ). The reduction in PSF protein concentration resulted in a significant decrease in viral yield through the TCID 50 quantitative method; particularly, a 12.7-fold decrease at 60 hpi was observed in SiPSF-transfected groups compared with scramble-transfected groups (Fig. 5C ). However, no significant effect on the viral yield of the ZCYZ or SD1 strains was noted, indicating that PSF has a different effect on the various virulent strains of PRRSV. Taken together, these results revealed that PSF has a unique upregulated expression and is required for the effective infection of the highly virulent PRRSV SX-1 strain.
Discussion
Understanding the changes in cellular protein levels after exposure to PRRSV is helpful for elucidating the molecular mechanism associated with functional alterations. We were, in this study, the first to apply an iTRAQ-2D LC-MS/MS method for the proteome profiling of MARC-145 cells infected with PRRSV strains with different virulence. The functional roles of the differentially expressed proteins associated with PRRSV infection are discussed as follows.
In Group I (SX-1 vs. MARC-145), the differentially expressed proteins were mostly involved in morphogenesis, protein synthesis, metabolism, stress response, the receptor complex, and endocytosis. FLNB, FLNA, LMNA, and LMNB1 were supposed to involve an alteration of cytoskeletal networks and cellular communication. HSPD1, HSPA8, HSP90AA1, and HSPE1 were related to stress response 37 . In addition, they acted as molecular chaperones facilitating the assembly of multiprotein complexes, participating in the translocation of polypeptides across cell membranes and to the nucleus, and aiding in the proper folding of nascent polypeptide chains. HSPA8, also known as HSP70, is mainly found in both the cytosol and nucleus of mammalian cells, playing key roles in the cytosolic endoplasmic reticulum and mitochondrial import machinery 38 . The upregulated expression of HSP70 can protect PRRSV-infected MARC-145 cells against apoptosis and be conducive to the replication and spread of the virus, indicating that HSP70 is associated with the pathogenesis of this virus. As a member of the annexin family, ANXA2 is highly expressed in eukaryotic cells and localizes in the cytosol 39 . Precious reports protein kinase mTOR; MYL6B: Myosin light chain 6B; MYO1B: Unconventional myosin-Ib; MYO1C: Unconventional myosin-Ic; NAP1L4: Nucleosome assembly protein 1-like 4; NASP: Nuclear autoantigenic sperm protein; NCL: Nucleolin; NCSTN: Nicastrin; NDRG1: N-myc downstream-regulated gene 1 protein; NME2: Nucleoside diphosphate kinase B; NPC2: NPC intracellular cholesterol transporter 2; NT5C2: Cytosolic purine 5′-nucleotidase; NUDT1: 7,8-dihydro-8-oxoguanine triphosphatase; P4HA1: Prolyl 4-hydroxylase subunit alpha-1; P54: Non-POU domain-containing octamer-binding protein(NONO); PAFAH1B3: Plateletactivating factor acetylhydrolase IB subunit gamma; PCK2: Phosphoenolpyruvate carboxykinase [GTP]; PCNA: PCNA-associated factor; PDCD11: Protein RRP5 homolog; PDCD5: Programmed cell death protein 5; PDGFRA: Platelet-derived growth factor receptor alpha; PDIA3: Protein disulfide-isomerase A3; PDIA4: Protein disulfide-isomerase A4; PDIA6: Protein disulfide-isomerase A6; PELP1: Proline-, glutamic acid-and leucine-rich protein 1; PGK1: Phosphoglycerate kinase 1; PGM1: Phosphoglucomutase-1; PHB: Prohibitin; PHB2: Prohibitin-2; POLR2B: DNA-directed RNA polymerase II subunit RPB2; PPP5C: Serine/threonineprotein phosphatase 5; PRDX6: Peroxiredoxin-6; PRPF8: Pre-mRNA-processing-splicing factor 8; PSAP: Prosaposin; PSF: Splicing factor, proline-and glutamine-rich(SFPQ); PSMA1: Proteasome subunit alpha type-1; PSMA2: Proteasome subunit alpha type-2; PSMA7: Proteasome subunit alpha type-7; PSMB4: Proteasome subunit beta type-4; PSMD1: 26S proteasome non-ATPase regulatory subunit 1; PTBP1: Polypyrimidine tractbinding protein 1; RALY: RNA-binding protein Raly; RARS: Arginine-tRNA ligase; RBMX: RNA-binding motif protein, X chromosome; RPL10: 60S ribosomal protein L10; RPL10A: 60S ribosomal protein L10-1; RPL24: 60S ribosomal protein L24; RPL27: 60S ribosomal protein L27; RPL5: 60S ribosomal protein L5; RPLP0: 60S acidic ribosomal protein P0; RPS20: 40S ribosomal protein S20; RPS21: 40S ribosomal protein S21; RPS25: 40S ribosomal protein S25; RPS3: 40S ribosomal protein S3; RPSA: 30S ribosomal protein S1; RSL1D1: Ribosomal have implicated ANXA2 in the replication of certain viruses [39] [40] [41] . Regarding PRRSV, ANXA2 can interact with the PRRSV Nsp9 protein and be incorporated into virions 42 . Importantly, ANXA2 is beneficial for PRRSV replication in vitro 43 . The cytoskeleton protein of vimentin (VIM) acts as the receptor complex of PRRSV and forms a complex with Nsp2 by using the viral N protein as an intermediate 44, 45 . CLTC (clathrin) is a major protein component of the cytoplasmic face of intracellular organelles, the so-called coated vesicles and coated pits. It has been reported that the entry of PRRSV into cells occurs by specific binding to the outer cell membrane, followed by clathrin-dependent endocytosis. First, the PRRS virions bind to cell-surface receptors; then, they are delivered intact into the endosome through clathrin-coated pits and vesicles. The entire process was demonstrated and proven using confocal microscopy 46-48 . In Group II (ZCYZ vs. MARC-145), an interesting discovery that differed from other groups was that the expressed proteins, including PSMA1, PSMA2, PSMA7, PSMB4, and PSMD1, were involved in the ubiquitin-proteasome pathway (UPP). This pathway is the major nonlysosomal process responsible for the breakdown of most short-lived and long-lived proteins in mammalian cells. In addition, this pathway controls various major biological events-avoidance of host immune surveillance, viral maturation and viral progeny release, oncogenesis, transcriptional control, signal transduction, receptor downregulation, and antigen processing-via the breakdown of specific proteins 49 . Many viruses have been reported to evolve different strategies to utilize this pathway for their own benefits. For example, the ubiquitin-proteasome system has been suggested to be required for p53 inactivation, apoptosis suppression, viral transcription, and regulation of the human T-cell leukemia virus 1 50, 51 . Adenovirus and coronavirus can also make use of the UPP for ubiquitination 52, 53 . Recently, the ovarian tumor domain of PRRSV Nsp2 was reported to possess ubiquitin-deconjugating activity, which inhibits NF-κB activation through the prevention of iκBα degradation by interfering with its polyubiquitination process 54 . Nsp11 protein, which has a unique and conserved endoribonuclease, inhibits NF-κB activation by specifically removing lysine 48 (K48)-linked polyubiquitin chains 55 .
In Group III (SD1 vs. MARC-145), only 44 differentially expressed proteins, which was the smallest number among the three groups, were found in the MARC-145 cells infected with a mild virulent SD1 strain. These differentially expressed proteins were mainly related to cell morphology, protein synthesis and metabolism, heat stress response, etc. The central proteins included NCL, DDX3X, FASN, FLNA, HSPA8, and ANXA2. NCL (also called nucleolin) is a type of cellular skeleton protein with the primary function of binding with proteins and nucleic acids. DDX3X is an ATP-dependent RNA helicase that has ATP-binding activity, nucleic acid-and protein-binding activity, and helicase activity. It is mainly involved in species interactions. FASN is mainly related to fatty acid and energy metabolism. FLNA (filament protein A), a skeleton protein in cells, not only has the ability to bind with proteins, nucleic acids, and transcription factors but also possesses the function of signal transduction.
Antisense RNAs, also referred to as natural antisense transcripts or natural regulatory RNAs, are small molecules that mediate regulation and generally inhibit mRNA transcription and/or translation or induce their rapid degradation 13, 14 . Signals regarding antisense RNA transcription and regulation were named the antisense pathway, in which PSF and P54 are major proteins [15] [16] [17] . After infection with the PRRSV SX-1 strain, PSF and P54 protein expression was upregulated ( Fig. 2A) , and the antisense pathway was the most variable of all the significant signaling pathways for the highly virulent SX-1 strain; however, this finding was not observed in the signaling pathways for the moderately virulent ZCYZ strain or the mildly virulent SD1 strain ( Fig. 2A) . Hence, target-specific RNA interference was used to decrease endogenous PSF protein levels to verify its function in PRRSV infection. After decreasing PSF protein concentration, the viral yield of SX-1 significantly decreased, whereas the viral yield of the ZCYZ and SD1 strains were not significantly affected (Fig. 5) , indicating that PSF protein has different functions in various virulent PRRSV strains. As a major protein of the antisense pathway, the silencing of PSF expression is expected to affect antisense pathway function. Accordingly, the molecular mechanism of PSF and antisense pathway function in the infection of different virulent PRRSV strains will be assessed in further research. 
Conclusions
We displayed the "colorful" proteome profile of MARC-145 cells infected with different PRRSV strains using the iTRAQ coupled with 2D LC-MS/MS approach for the first time. A total of 233 significantly altered proteins were identified, and we proved that PSF protein has different functions in various virulent PRRSV strains. The study provided an abundance of useful information to study the diversification of MARC-145 cells infected with different PRRSV strains, and these data would help to understand the interactions between this virus and its host.
